l e t t e r s
The ability to rewrite the rules of genetic segregation would open new possibilities in diverse areas of biotechnology ranging from breeding to epigenetics. Here we engineer non-Mendelian inheritance of the entire maternal or paternal genome in Caenorhabditis elegans by changing the structure of the mitotic spindle during the first cell division of the zygote. Using germline-specific overexpression of a single protein, the conserved microtubule force regulator GPR-1, we increase forces that pull on spindle poles to convert the single bipolar mitotic spindle to two monopolar spindles. This generates two-cell embryos in which one cell contains only the maternal chromosomes and the other cell contains only the paternal chromosomes. As the embryo develops, each cell of the animal, including the germ cells, contains the genetic material of only one parent, resulting in hybrid F 1 animals. Progeny of these animals (F 2 ) inherit either only F 0 maternal or only F 0 paternal chromosomes, and thus descend from only either of their grandparents' gametes.
In sexually reproducing organisms, each parent makes an equal genetic contribution to the offspring. After formation of the zygote, separate pronuclei contain the alleles contributed by sperm and oocyte. In the course of the first cell division, chromosomes from both parents merge during mitotic spindle formation. Each chromosome is present as two sister chromatids, which are separated during anaphase and segregated to two nuclei that contain the same genetic information. Each nucleus then is passed to one daughter cell 1 . Microtubule-based forces that are generated by dynein and that are located on the cell cortex position the mitotic spindle [2] [3] [4] [5] .
In C. elegans, microtubule-based pulling forces are controlled by a ternary complex consisting of G alpha proteins, LIN-5, and G-protein regulator 1 and 2 (GPR-1/2), which are two nearly identical regulators. GPR-1/2 has been shown to be required for force generation and potentially also force sensing to achieve spindle positioning and cytokinesis [6] [7] [8] [9] [10] [11] . The concentrations of GPR-1/2 are crucial determinants for microtubule-based pulling forces, as GPR-1 knockdown leads to reduced forces and GPR-1 overexpression leads to increased pulling forces in a dose-dependent manner 12, 13 .
Here we use GPR-1 overexpression during the first cell division to change the rules of genetics. In our engineered C. elegans strains, each of the zygote's two progeny cells inherits one of the parental genomes, instead of a combined genome with contributions of both parents.
We propose that non-Mendelian genetics can be used for a wide range of applications ranging from studying genome regulation to breeding technologies and synthetic biology.
Our strategy was to increase pulling forces in the zygotic spindle to disrupt its normal formation by increasing the expression of the force regulator GPR-1, using codon adaptation-based overexpression. We used a synthetic gpr-1 transgenic insertion with a codon adaptation index of 1.0, driven by the pie-1 promoter, which resulted in germline-specific overexpression of GPR-1 (ref. 13 ; Supplementary  Fig. 1 ). We then imaged the first cell division in these embryos using time-lapse microscopy and followed the segregation of chromosomes (Fig. 1a) . In wild-type embryos, the paternal pronucleus, which had the two centrosomes attached, was positioned in the posterior. There, it met with the maternal pronucleus to form the pronuclear centrosomal complex (PCC). This complex then moved to the center of the embryo, and rotated so that the two centrosomes were aligned to the long axis of the embryo. After nuclear envelope breakdown a bipolar spindle formed, and the chromosomes were aligned in the metaphase plate. In anaphase, the sister chromatids separated and segregated into the two daughter cells.
In GPR-1-overexpressing embryos, the PCC formed normally in the posterior of the embryo. However, it did not center properly and did not align onto the long axis of the embryo. Instead, the PCC showed a vigorous rocking movement and was pulled apart before nuclear envelope breakdown, so that the two centrosomes were pulled to opposite poles of the embryo, each with one of the two pronuclei attached. As a consequence, two half-PCCs, each containing one pronucleus and one centrosome, were positioned at opposite ends of the embryo. Two monopolar spindles were formed in 70% of zygotes, whereas the remaining embryos formed bipolar spindles during first mitosis (N = 70, P < 0.001, compared with ten control embryos that did not carry the GPR-1 overexpression transgene and that all formed a bipolar spindle; Fig. 1a, Supplementary Movies 1-3 , and Supplementary Figs. 2-4) .
Typically, the paternal pronucleus was pulled to the posterior, and the maternal pronucleus was pulled to the anterior (89%, N = 18, P < 0.05, compared with a hypothetical 50% distribution, Supplementary Movies 4 and 5). Each of the two half-PCCs then formed a monopolar spindle on either side of the embryo. During anaphase, the cytokinesis furrow separated the two monopolar spindles to form two daughter cells. The formation of two monopolar spindles appeared to be a unique constellation of zygotic mitosis, which is characterized by the engineered non-Mendelian inheritance of entire parental genomes in C. elegans l e t t e r s Figure 1 Increasing microtubule-based pulling forces leads to two monopolar spindles, which segregate chromosomes unequally. (a) Unequal segregation of chromosomes. Shown are combined DIC and fluorescence images. Left panel, the first cell division in wild-type embryos. DNA was stained by using mCherryøhistone expression (magenta). Paternal (P) and maternal (M) pronuclei met to form a pronuclear centrosomal complex. This complex moved to the center of the cell, where the mitotic spindle was formed and the DNA from both parents was merged in the metaphase plate, allowing an equal segregation of DNA in anaphase and thus an equal segregation of chromosomes to both daughter cells. Middle, formation of a bipolar spindle in GPR-1-overexpressing (OE) embryos. Right, formation of two monopolar spindles in GPR-1-overexpressing embryos. Note that the paternal and the maternal pronucleus met, but later separated. Each centrosome and pronucleus then formed a monopolar spindle, and paternal and maternal DNA was segregated to different daughter cells. The daughter cells often contained multiple small nuclei, perhaps resulting from the decreased confinement of the chromosomes in the monopolar spindle. Middle column: The remaining embryos formed bipolar spindles. Scale bar, 50 µm. Time is min:s. Two monopolar spindles were formed in 70% of zygotes of GPR-1 over expressing embryos (N = 70 GPR-1 over expressing embryos, P < 0.001, Fisher's exact test, compared with ten control embryos that did not carry the GPR-1 overexpression transgene and that all formed a bipolar spindle. For statistics, embryos without mCherry expression were used). (b) After the first cell division of the P0 zygote, the two daughter cells AB and P1 develop into different lineages, AB into only somatic, and P1 into germline as well as somatic tissues, including intestine and body wall muscle. (c) After unequal chromosome segregation. Left, a control mating without GPR-1 overexpression. Right, crossing hermaphrodites that overexpress GPR-1 and ubiquitously express tdTomato-labeled histones (magenta) with males that ubiquitously express GFP-labeled histones (green) led to two types of progeny: individuals that co-expressed both markers in most cells and individuals that expressed the two markers separately in different tissues. Example animals shown using spinning disc microscopy. Arrows, head neurons; arrowheads, intestinal nucleus. Shown are animals at the larval stage L1. Scale bar, 100 µm. (d) In individuals expressing markers separately, the expression pattern matches the known cell lineage. Cell nuclei of the hypodermal cells, neurons, and muscles are annotated. Scale bar, 100 µm. Shown are the same microscope images as in c.
npg l e t t e r s presence of two pronuclei, as bipolar spindles formed in subsequent divisions (Supplementary Fig. 5 ). Thus, an increasing microtubulebased-pulling force can generate two monopolar spindles during the first cell division. Each monopolar spindle contained the chromosomes from either the maternal or the paternal pronucleus, which resulted in the segregation of paternal and maternal chromosomes to different daughter cells. Abnormal spindle formation in the zygote typically causes embryonic lethality 14 . To test whether embryos can survive after monopolar spindle formation we recovered these embryos after imaging and found that 38% of them completed embryonic development and hatched (Supplementary Fig. 6 ). It is known that the two daughter cells of the zygote develop into different lineages with different fates. The anterior cell (called AB) will give rise to only somatic cells, including almost all neurons. The posterior cell (called P1) will form the germ line as well as somatic cells, such as those of the gut and body wall muscle 15, 16 (Fig. 1b) . To follow the segregation of paternal and maternal chromosomes into the different lineages, we mated GPR-1-overexpressing hermaphrodites that also ubiquitously expressed transgenic histoneøtdTomato with males that ubiquitously expressed transgenic histoneøGFP. We then looked at the expression of tdTomato and GFP in F 1 larvae. Equal segregation of chromosomes during the first cell division should result in expression of both markers in all cells of the worms. By contrast, unequal segregation of chromosomes should result in cells that express only GFP or only tdTomato, and the expression pattern should clearly match the known lineage. We found both F 1 worms that expressed the two markers simultaneously in all tissues and F 1 hybrid individuals that expressed red and green markers in different tissues, consistent with the GPR-1-overexpressing strain producing not only embryos with bipolar but also embryos with two monopolar spindles.
The majority of worms with unequally segregated markers expressed the maternal marker in cells of the AB lineage such as neurons and the paternal marker in the cells of the P1 lineage such as muscle. Identification of individual cells of the hypodermis, which is made by cells from both the AB and the P1 lineages, indicated a lineage-specific rather than a tissue-specific expression (Fig. 1b-d and Supplementary Figs. 7-9 ). In 3% of unequally segregated markers, we found the expression pattern to be inverted, so that cells of the AB lineage expressed the paternal marker (Supplementary Figs. 10 and 11, and Table 1 ). This shows that in most cases of unequal segregation, the paternal chromosomes were segregated to the P1 lineage, and the maternal chromosomes were segregated to the AB lineage. This is consistent with the location of the paternal pronucleus more toward the posterior in the one-cell embryo, which led to almost exclusive paternal chromosome segregation to P1 when two monopolar spindles were formed.
The fraction of viable cross progeny with separate marker expression varied between 18% and 77% ( Supplementary Fig. 11 ). Animals with separate expression were never found in control worms that resulted from mating in the absence of GPR-1 overexpression (N = 331 for GRP-1 overexpression; N = 1,781 for control; P < 0.001). Thus, whereas lineage-specific expression could also be explained by lineage-specific silencing of the reporter transgenes, the most likely interpretation of this experiment is that maternal and paternal DNA was segregated differently into the AB and P1 lineages, with a strong tendency for the paternal DNA to enter the P1 lineage.
Embryos laid by GPR-1-overexpressing hermaphrodites had a mortality of 28%, and mating with males increased the mortality to 63% (Supplementary Fig. 11 ). Hermaphrodites are self-fertilizing, and sperm almost always contains an X chromosome. By contrast, half of the male sperm contains one X chromosome, and the other half contains no X chromosome, which result in hermaphrodite or male offspring, respectively 17 . The X chromosome is essential for viability, and male cells are viable because they contain one copy of the X chromosome, which is maternally derived 18 . The unequal segregation pattern should result in a lineage that is devoid of any X chromosome, if the oocyte is fertilized with sperm that does not carry an X chromosome, and we would expect that such animals are not viable. Consistent with this idea we never found fertile males that expressed the markers in different tissues. Thus, the presence of an X chromosome appears to be essential for generating viable hybrid worms. Lethality reduces the number of offspring obtained, and using only X-containing sperm increases the fraction of viable offspring.
The P1 lineage, but not the AB lineage, gives rise to the germline. Thus, an unequal segregation of chromosomes during the first cell division should result in non-Mendelian inheritance. We looked at the segregation of genotypes in the F 2 generation after mating our GPR-1-overexpressing strain that carried the red fluorescent marker with males carrying a green fluorescent marker. As expected, those F 1 that expressed both markers in all cells segregated offspring with a mix of genotypes containing either just one of the two markers, or both. However, those worms that expressed the markers in different tissues segregated only one marker. Of these, all individuals that expressed the paternal marker in the P1 lineage produced only F 2 offspring with the paternal marker, that is, all F 2 individuals expressed the paternal marker. All individuals that expressed the maternal marker in the P1 lineage produced only offspring with the maternal marker, that is, all F 2 individuals expressed the maternal marker (Fig. 2a, Table 1 , The corresponding crossing scheme can be found in Figure 2 . Some F 1 worms were selected for further analysis and were grouped in different classes determined by expression pattern of the fluorescence markers in the F 1 and by the presence or absence of the recessive phenotype and fluorescent marker expression in the F 2 . This table shows the numbers of each category of F 1 observed for the crosses described in A. For most recessive crosses, about half of the F 1 segregated the recessive marker and the other half did not. For lon-2, which is located on the X chromosome, all F 2 broods contained lon-2 animals. Percentages were calculated per Mendelian or per non-Mendelian population. 3% of non-Mendelian worms contained the maternal P1 lineage (7/202), which is significantly different compared with a hypothetical 50% distribution (P < 0.001, Fisher's exact test).
npg l e t t e r s and Supplementary Figs. 12 and 13) . Thus, unequal segregation of genomes in the zygote results in non-Mendelian inheritance.
To test whether non-Mendelian inheritance affects only individual genes or entire genomes, we followed the segregation of two genetic loci that were located on two different chromosomes. A nonMendelian co-segregation of two unlinked loci would indicate that it is the entire genome that is segregated in a non-Mendelian fashion. We combined the inserted GFP transgene that we used above with alleles that cause recessive phenotypes. We selected classic mapping alleles that cause clear and easily identifiable phenotypes when homozygous such as dumpy (dpy), blistered (bli), and long (lon). We selected one allele for each chromosome. Males were generated that were homozygous for the GFP insertion but were heterozygous for the recessive mutations (we kept the recessive alleles heterozygous because the homozygous phenotypes included low male fertility). We then crossed these males with hermaphrodites that were overexpressing GPR-1 and also carried a red fluorescent transgenic insertion as described above. We singled out F 1 s and scored them as either co-expressing the two fluorescent marker genes or expressing them in different lineages. We then scored the genotypes of the offspring by checking for fluorescence and the recessive phenotypes. Each of the F 1 worms that co-expressed the two fluorescent markers produced F 2 worms with a mix of phenotypes including about one-quarter of worms carrying the recessive phenotype as expected for Mendelian inheritance. By contrast, each of the F 1 worms that expressed the paternal marker in the P1 lineage produced F 2 broods that consisted of only one type of progeny. In about half of these paternal-only F 2 broods, all individuals expressed the paternal GFP marker but did not show any recessive phenotype. In the other half, all animals also showed the respective recessive phenotypes. In the case of the X-linked lon-2(−) locus, all individuals of the F 2 broods showed the recessive phenotype. Thus, genetic loci on all six nuclear chromosomes showed co-segregation in a non-Mendelian fashion in the set of zygotes that resulted in a paternal P1 lineage (Fig. 2b, Table 1 , and Supplementary Figs. 12 and 13) . Thus, entire genomes appear to be segregated in this non-Mendelian inheritance.
Non-Mendelian inheritance could be used to study epigenetic regulation such as parent-of-origin effects 19 . Such effects likely exist in C. elegans but have been difficult to study owing to a lack of methods 20, 21 . Apparently, animals with these all-maternal and all-paternal tissues can survive and are fertile. Thus, non-Mendelian hybrid F 1 animals can be used as a model to study, for instance, a nervous system derived only from maternal chromosomes or an all-paternal gonad. Because the paternal and maternal genomes share a common cytoplasm in the zygote, non-Mendelian genetics could also be used to study epigenetic signaling between genomes and transgenerational inheritance 22 . For example, one could study whether and how epigenetic modifications of one genome affect the epigenetics of another genome. Molecular studies in this system would be straightforward, as the paternal epigenetic regulation can be compared before and after it was exposed to the environment of the maternal genome. Through these and other experiments, non-Mendelian inheritance will allow the study of the molecular biology of various epigenetic phenomena.
In addition to looking at genomic imprinting, non-Mendelian genetics can be used to generate intraspecies and maybe even interspecies hybrids. In intraspecies hybrids, genes can be manipulated specifically either in the P or in the AB lineage. For instance, lineagespecific knockouts can be generated. Interspecies hybrids may be generated between closely related species using non-Mendelian inheritance. Such hybrids certainly would differ from Mendelian interspecies hybrids and could be useful for studying speciation. Other potential applications include the study of a cell lineage that is devoid of an X chromosome, or the selective transfer of mitochondrial DNA to a different genomic background. Taken together, we provide a method that is imminently useful in C. elegans, as it can be used for a number of novel studies such as those described above, and we expect that the field will develop additional creative uses for nonMendelian inheritance.
It would be interesting to engineer genetic inheritance in other organisms, too. GPR-1 and its ternary complex are highly conserved. GPR-1 contains a so-called GoLoco motif, with which it binds to and activates heterotrimeric G proteins by a receptor-independent mechanism. In Drosophila, the GoLoco-containing GPR-1 homolog a b Figure 2 Unequal chromosome segregation leads to non-Mendelian inheritance of entire genomes. (a) Crossing scheme to follow non-Mendelian genetics. GPR-1-overexpressing (GPR-1 OE) hermaphrodites that expressed tdTomato histones ubiquitously were crossed with males that expressed GFP histones ubiquitously. F 1 individuals that co-expressed both markers segregated mixed genotypes as expected. Mosaic F 1 individuals that expressed the markers separately segregated only F 2 animals that were homozygous for only one parental marker. The majority of mosaic animals expressed the maternal marker in the nervous system and the paternal marker in body wall muscles, the intestine and the germline. These animals produced exclusively progeny homozygous for the paternal marker and lacking the maternal marker completely. F 1 mosaic animals with an inverted pattern were rare but produced only progeny that were homozygous for the maternal marker. (b) Crossing scheme for nonMendelian genetics using several genetic loci on different chromosomes. The fluorescent markers were always co-segregated with easily scorable genetic loci, which were on different chromosomes. Corresponding data can be found in Table 1 and Supplementary Figure 12 . Thus, non-Mendelian segregation appeared to affect the entire genome.
npg l e t t e r s is called Pins, and the mammalian homolog is called LGN/AGS3. In all of these systems, the ternary complex controls the position of the mitotic spindle by regulating cortical dynein 4, 5, 23 . Because of the high conservation of the mechanisms that control spindle positioning it is likely that similar approaches can be developed in other systems. This work shows that we can edit the rules of genetic inheritance by targeting zygotic mitosis, and it may be the starting point of the novel field of synthetic zoology, where cells and animals with novel properties will be designed.
MeTHodS
Methods and any associated references are available in the online version of the paper. 
